Purpose To investigate the influence of different actuator nozzle designs on aerosol electrostatic charges and aerosol performances for pressurised metered dose inhalers (pMDIs). Methods Four actuator nozzle designs (flat, curved flat, cone and curved cone) were manufactured using insulating thermoplastics (PET and PTFE) and conducting metal (aluminium) materials. Aerosol electrostatic profiles of solution pMDI formulations containing propellant HFA 134a with different ethanol concentration and/or model drug beclomethasone dipropionate (BDP) were studied using a modified electrical low-pressure impactor (ELPI) for all actuator designs and materials. The mass of the deposited drug was analysed using high performance liquid chromatography (HPLC). Results Both curved nozzle designs for insulating PET and PTFE actuators significantly influenced aerosol electrostatics and aerosol performance compared with conducting aluminium actuator, where reversed charge polarity and higher throat deposition were observed with pMDI formulation containing BDP. Results are likely due to the changes in plume geometry caused by the curved edge nozzle designs and the bipolar charging nature of insulating materials. Conclusions This study demonstrated that actuator nozzle designs could significantly influence the electrostatic charges profiles and aerosol drug deposition pattern of pMDI aerosols, especially when using insulating thermoplastic materials where bipolar charging is more dominant.
INTRODUCTION
Pressurised metered dose inhalers (pMDI) were first developed in 1956 and are widely used devices for pulmonary drug delivery. Their major components include a canister, a metering valve and an actuator; and they rely on the energy generated from the pressurised propellant to atomize the suspended or solubilized active pharmaceutical ingredients and excipients [1] . Upon actuation, the channel connecting the canister to the metering valve is opened, allowing the formulation from the valve reservoir to flow into the expansion chamber of the pMDI device [2] . The rapid decrease in pressure causes the liquid propellant to flash and a transfer of some of the liquid phase to the vapor phase of the formulation occurs through bubble nucleation and growth [3] . This primary atomization is called flash evaporation or flash boiling and introduces large contact/friction areas between evaporating droplets and the surface wall of the actuator nozzle [4] .
When two materials make contact with each other, due to the differences in the material properties (i.e. work function), electrostatic charges will transfer from one material to another to equalize electrostatic potential. When the two materials are separated, the electron transfer from one material to the other can cause one material to bear negative charges and leave the other positively charged due to loss of electrons. This process is called triboelectrification and is the mechanism that causes aerosols emitted from a pMDI to carry electrostatic charges [5, 6] . The attractive and repulsive forces between such charged species can significantly influence the downstream behavior of the aerosols, and hence plays an important role in drug deposition [7] . Theoretical studies carried out during the late 1970s and early 1980s established that a significant increase in deposition is achievable by charged particles under suitable conditions [8] [9] [10] [11] . This finding was then supported by in vitro and in vivo experimental studies using lung models, animals and human subjects [12] [13] [14] [15] [16] [17] . Although many of these studies have demonstrated that aerosol electrostatics can influence particle deposition, the degree of charge will depend on the magnitude and polarity of the acquired static charges. Still, for pMDIs the mechanisms and influential factors behind the electrostatic charge profiles of the aerosol cloud remain unclear. This is largely due to the complexity of the actuation process of the pMDIs, where rapid flash-boiling and liquidgas-solid interaction introduce challenges for the study of electrostatic generation, accumulation and relaxation on both the actuator materials and within the aerosol cloud. Furthermore, since triboelectrification depends largely on the materials' properties, such as conductivity and electrostatic potential, there are other confounding factors that can complicate the study of electrostatics in pMDIs including moisture content, surface and environmental conditions etc.
There are three ways to acquire charges during contact/ friction charging: electron, ion and material transfer [18] . Electron transfer is the dominant mechanism for triboelectrification, especially for conducting material such as metals. As electrons can move relatively freely within the entire conductor body, the accumulated charges on the conducting material often demonstrate a uniform polarity [19] . This creates an electric field within the conductor material, mostly concentrated at the sharp edges of the material itself [20] . The redistribution of the build-up of electrons will then concentrate at those sharp edge regions and eventually lead to dielectric breakdown of the surrounding air, with consequent spark electrostatic discharge [21] [22] [23] .
Electron transfer is also believed to be the charging mechanism for insulators, such as polymers used in pMDIs actuators. However, recent studies have proposed that transfer of ions that may already be present on the polymer's surface or are acquired from the atmospheric moisture content, could be the main mechanism for static charging of thermoplastic materials [21, [24] [25] [26] , and the polarity of such acquired charges will depend largely on the acidity and basicity of the polymeric structure. Unlike conductors, where built-up charges are distributed throughout the material, insulators are unable to allow deep penetration or free movement of electrostatic charge. Consequently, the accumulated charge would be localised on isolated spots on the insulator's surface, with different polarity distributions [26] . Electrostatic discharges also arise from insulating materials present at the surface with highest curvature. However, multiple accumulated charge spots on a single insulator surface could discharge simultaneously and lead to brush-like electrostatic discharge [27] . Small material fragment transfer from surface to surface has also been reported as a source of static charge generation for both conducting and insulating materials, however, this mechanism is believed to be less important and largely dependent on the surface roughness of the material [28] ; furthermore, with respect to pMDI formulations, this factor can be ruled out since it would have been reported at an early stage due to the robust quality and regulatory requirements that medical devices are subjected.
Although it is not well recognized in the pharmaceutical industry, electrostatic discharge has been well investigated in other industrial areas, including particle separation (e.g. recycling) and powder/fuel processing (e.g. mining) [29, 30] . Other factors that could influence the nature of the electrostatic discharge include chemical/physical properties of the charged surface, surface geometry and the magnitude and polarity of the electrostatic charge [21, 22] .
With respect to pMDIs, in a previous study, the effect of the actuator nozzle design flat versus cone, were shown to greatly influence the electrostatic charging dynamics of a beclomethasone dipropionate solution based pMDI aerosol [31] . It was shown that by 'smoothing' the sharp edges of the actuator, the polarity of the charge profile for the pMDI aerosol with an insulator actuator material like PTFE was reversed [32] . This study extends the previous investigation to include four actuator nozzle designs and three actuator materials, conductors and insulators selected from the triboelectric series, to further assess their influence on pMDI aerosols triboelectrification.
MATERIALS AND METHODS

Materials
The pMDI actuator blocks with different nozzle designs were manufactured using three materials selected from the triboelectric series, including one conducting material, aluminium (Aalco Metals Ltd, Cobham, UK), and two insulating mater i a l s , p o l y e t h y l e n e t e r e p h t h a l a t e ( P E T ) a n d polytetrafluoroethylene (PTFE) (Ensinger GmbH, Nufringen, Germany), respectively. The pMDI device comprised a 50 μl metered valve (Batch BK0313029) consisting of an aluminium ferrule, polyester/nylon body, EPDM/NBR/Butyle seats and gasket, acetal/polyester metering chamber and stainless steel spring all from Bespak Europe Ltd (Norfolk, UK) and equipped with standard aluminium pMDI canister C128P (Batch 1002043-3, 19 ml brim capacity) from Presspart Manufacturing Ltd (Lancashire, UK). The propellant 1,1,1,2-Tetrafluoroethane (HFA 134a) was obtained from INEOS Fluor Americas LLC (LA, USA). Beclomethasone dipropionate (BDP) was supplied by Chiesi Farmaceutici S.p.A (Parma, Italy). The water used throughout the study was purified by reverse osmosis (Milli-Q, Sydney, Australia) and all analytical grade chemicals were from Sigma-Aldrich Pty Ltd (Castle Hill, Australia).
Pressurised Metered Dose Inhaler Formulations
Four pMDI formulations investigated were prepared according to Table I . Anhydrous ethanol or ethanol with solubilized BDP was accurately weighted into the aluminium canister based on the weight calculated according to the desired dose. The canister was then immediately crimped with a 50μl-metering valve and pressure filled with HFA 134a propellant using a Pamasol Laboratory plant P2016 (Pamasol Willi Maäden AG, Pfaffikon, SZ). Solubility of the drug components was confirmed visually using glass canisters (Saint Gobain plc). All canisters were stored at ambient temperature for 24 h prior to testing.
Actuator Nozzle Designs and Manufacture
Actuators with a 0.3 mm nominal atomization orifice diameter and 1 mm jet length nozzle were manufactured from the actuator blocks using PTFE, PET and aluminium. At the exit of the atomization orifice, four types of nozzles namely flat, curved flat, cone and curved cone ( Fig. 1) were designed using Siemens NX software and manufactured using high speedsteel cutting tools. The components were water cooled during manufacture in order to maintain their dimensional accuracy. Orifice diameters were checked using spatially calibrated microscope and MediaCybernetics Image-Pro software, where dimensional accuracy to within±0.01 mm was achieved.
All actuator blocks were placed in a sonicator bath and washed with water and ethanol followed by air-drying before the initial use. Custom-made adaptors used to house the actuator blocks and allowing connection to the United States Pharmacopeia (USP) induction port with the impactor were designed using computer aided design (ANSYS DesignModeler release 13, ANSYS Inc, PA, USA) and built in acrylonitrile butadiene styrene (ABS) using a rapid prototype 3D printer (Dimension Elite, MN, USA).
Measurement of the Aerosol Electrostatic Charge
The electrical low-pressure impactor (ELPI™, Dekati Ltd, Finland) was used for electrostatic charge and drug deposition measurements of the pMDI formulations at a flow rate of 28.3 ±1.5 L/min. The ELPI is a 13-stage impactor with aerodynamic diameter cut-off range between 0.028 and 10.07 μm, with each impaction stage isolated and connected to an individual digital ammeter that records current in femto-amps per second (fA/s). The USP induction port was fitted to the modified ELPI where the corona charger was removed to allow the native electrostatic charge measurement of the pMDI aerosols clouds.
Prior to analysis, the pMDI formulations were shaken thoroughly and primed to waste twice using a commercial actuator. The canister was then fitted to the in-house-built adaptor unit containing the actuator and connected to the ELPI via the USP Induction port and corona frame. The flow rate was set at 28.3±1.5 L/min using a Sogevac® model SV25 vacuum pump (Leybold, France) and calibrated using a Copley® model 4,000 flow meter (Nottingham, UK). The electrometer baseline for the ELPI was zeroed after the peak flow rate was achieved. Five single doses from each pMDI formulation (equivalent to 250 μg total dose of BDP) were dispersed into the ELPI with a 30 s delay between each actuation to ensure a drug per stage deposition above analytical limit of detection. During aerosols dispersion, current versus time data from each ELPI stage were collected and recorded by ELPI-VI 4.0 software (Dekati Ltd, Finland). The data were integrated to produce charge data. After all five actuations, the adaptor, USP induction port, corona frame and impactor stages were washed with methanol/H 2 O (80:20 v/v) rinsing solution into suitable volumetric flasks. The recovered drug samples were analysed using high-performance liquid chromatography (HPLC). No chemical analyses were performed for drug free pMDIs containing HFA, HFA-1% and HFA-15% only. In these cases, only charge data were collected and analysed. All experiments were randomized and performed in triplicate under laboratory environment conditions (temperaturẽ 25°C and relative humidity~40-50%).
Quantification Assay of Drug Deposits by HPLC
The drug deposition of BDP was analysed by HPLC using a Shimadzu prominence UFLC system equipped with an SPD-20A UV-Vis detector, LC-20AT solvent delivery unit, SIL-20A HT autosampler (Shimadzu Corporation, Japan) and a 3.9×150 mm Nova-Pak® C18 column (Waters Corporation, Milford, MA, USA) with mobile phase (68:32% v/v methanol and 0.05% w/v ammonia acetate aqueous solution). The sample injection volume was 100 μl and the peak detection was achieved at UV 240 nm with 1 mL/min flow rate and integrated using Shimadzu LC Solution workstation software (Shimadzu Corporation, Japan). BDP standards were prepared daily in rinsing solution. Linearity of BDP was obtained between 1 and 50 μg/mL (R 2 =0.999) with a retention time of −5 min.
Data Analysis
The charge data on each stage were derived from the electric current data recorded by the ELPI during the actuation period of the pMDI. The net charge for each experiment was calculated based on the total charge of the 13 stages of the ELPI impactor. The mass recovery data for formulation BDP were calculated as the total mass of the five consecutive actuations. The total dose (TD), emitted dose (ED), USP deposition (USP), fine particle fraction (FPF), mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD) were calculated and analysed. MMAD were calculated assuming linearity between 84-16% of the cumulative mass undersize lognormal distribution and the GSD were determined as (d 0.84 /d 0.16 ) 1/2 . Electrostatic and mass deposition data were expressed as the mean charge and mass per stage for three replicate experiments, consisting of five consecutive shots. Two sample Student t-test (heteroscedastic) and one-way ANOVA (unstacked) analysis were performed using the STATPlus® statistics software package (AnalystSoft Inc, VA, USA). Significant difference was based on p<0.05.
RESULTS AND DISCUSSION
The effect of actuator nozzle designs on pMDI aerosols electrostatic charges and aerosols performance have been investigated and results are discussed below.
PTFE Actuator
In the current study, PTFE was selected as the insulating actuator material representing the most electronegative polymer in the triboelectric series [33] . After contact with other materials, PTFE has a high tendency to become negatively charged, leading the material in contact to become positively charged. During repeated actuations, negative charges can build up on the PTFE actuator surface, leading to electron leakage or possible electrostatic discharge to the surrounding area, especially when a sharp edge is present, as in the cone orifice design of the actuator (Fig. 1) . The dispersed negative charges consequently could influence the positive charges carried by the aerosol within the travelling plume.
The Effect of Nozzle Design on Net Charges of Different pMDI Formulations
The total net charge of the four orifice designs with PTFE are shown in Fig. 2 . With the pMDI formulation containing only the propellant HFA 134a (Formulation HFA), all four nozzles produced negative charged aerosols with both curved flat and curved cone designs showing significantly reduced charge magnitudes (Student t-test, p<0.05). These results differ from predictions that could be drawn from the triboelectric properties of PTFE, possibly due to the highly electronegative fluorine elements within the HFA 134a molecular structure. The fluorine elements could compete with the PTFE material for electrons, resulting in negative charged aerosols.
By including the curved edge design within the actuator, it was anticipated that there would be a reduction of electron accumulation at the sharp edges of the actuator and consequently a reduced electrostatic discharge would occur to neutralise the plume net charge. However, both the curved flat and curved cone nozzles, with HFA only formulation, demonstrated significant reduced charge magnitude (Fig. 2) . As discussed previously, insulating materials can carry both negative and positive charges on the same surface at the same time, depending on the properties of the area of contact. The curved design of the nozzle could change the surface property of the actuator material, with positive charges distributed more evenly compared with a nozzle with sharp edges for material PTFE. Negative charged aerosol could be neutralised due to the positive electric field present on the nozzle surface, consequently reducing the overall plume net charge.
Compared with the HFA only formulation, when 1% ethanol co-solvent was introduced (HFA-1%), a significant reduction in the negative charge magnitude was observed for flat and curved flat nozzles (Fig. 2 , Student t-test, p<0.05), while cone and curved cone nozzles changed their charge polarity to positive. At 15% ethanol co-solvent concentration (HFA-15%), the negative net charges for flat and curved flat nozzles remained unchanged in comparison with HFA-1% ethanol, but the two cone nozzles showed significantly different net charges compared with HFA-1% formulations.
Propellant HFA 134a alone would be considered to be an insulating liquid, as its dielectric constant is 9.8 [34] . The addition of ethanol as co-solvent in the formulation changes the electrostatic potential of the propellant, via: (A) molecular interactions between ethanol and HFA, that reduces the negativity of the fluorine elements; (B) increased overall conductivity of the propellant by ionisation of the ethanol [35] ; or (C) change in chemical composition of the propellant due to water content present in the solvent [36] . At the same time, the presence of ethanol also reduces the evaporation rate of the aerosol, increasing the contact time between the droplet and the actuator material. When a large surface area is available, such as the outer shape in the cone and curved cone nozzles, the electrons from the negative charged aerosol may have more interactions with the positive charged actuator surface, reducing the negative charge and shifting to a total net positive polarity (Fig. 2) .
With the pMDI formulation containing BDP and 15% ethanol (formulation BDP), both flat and cone designs with sharp edges produced electropositive charges significantly different (Student t-test, p<0.05) to the electronegative charges of the curved flat and cone nozzles, respectively (Fig. 2) . For all four-nozzle designs the BDP formulation compared with drug free HFA-15% (one-way ANOVA, p<0.05), showed significantly higher charge magnitudes, regardless of the polarity. Similarly to our previous investigation, these results demonstrated that BDP did reduce the effect of ethanol on suppressing the charge generations for the aerosols [37] , and at the same time, reduced the negativity of the propellant.
The Effect of PTFE Nozzle Designs on the Aerosol Performance of BDP pMDI Formulation
Since the actuator nozzle is a critical component in the atomisation process of a pMDI, its diameter will have a role in determining the plume efflux and atomisation efficiency. Thus, it is important to investigate how nozzle designs influence aerosol performance and how they correlate with the net charge profiles.
Cumulative percentage particle mass distributions were calculated from the drug mass recovered off the impactor stages and are shown in Fig. 3 . The total ex-valve dose (TD), emitted dose (ED), deposition in USP region (USP), fine particle fraction less than 6.66 μm (FPF), mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD) are listed in Table II . No statistically significant differences (one-way ANOVA) for MMAD (average 0.78 μm ±0.01) were found for the four nozzle designs. Furthermore, the particle size distributions (PSD, Fig. 3 ) also showed no significant differences between all nozzle designs (ANOVA, p>0.05). These results demonstrate that nozzle design has no influence on particle size distribution for pMDI formulations.
Further analysis also showed no statistical difference in total ex-valve dose emitted for the four PTFE actuator designs. However, with the drug deposition in the USP region, both curved flat and curved cone orifices demonstrated a significantly higher deposition, compared with flat and cone designs, respectively (Student t-test, p<0.05). This leads to reduced drug stage deposition and consequently reduced FPF for the curved nozzle designs (Table II) . While it has not been well investigated for pharmaceutical aerosols, the effect of nozzle design has been extensively investigated in agricultural systems where different nozzle shapes have been used for specific irrigation purposes, such as fine mist and wider spray coverage [38, 39] . It is possible that the curved designs could have influenced the plume shape, resulting in increased deposition in the USP throat region. It is also interesting to notice that both high USP throat depositions with the curved flat and curved cone nozzles are associated with reversed aerosol charge polarity (Fig. 2) . Fig. 4 summarizes the charge to mass ratio for all PTFE actuator orifice designs. Both curved nozzle designs showed reversed charge polarity for the entire particle size distribution. The charge magnitudes were similar for curved flat and curved cone designs, suggesting the nozzle design has no effect on the charge distribution for the aerosol, but significantly influences the charge polarity and throat deposition. TD, Total ex-valve dose; ED, emitted dose; FPF, fine particle fraction; MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation. N=3 Fig. 4 Charge to mass ratio for PTFE actuators with 0.1% w/w BDP formulation containing 14.9% w/w ethanol and 85% w/w HFA 134a (n=3, pC/ug±SD).
PET Actuator
Actuator material PET is another insulating thermoplastic material selected for this study. It has a similar electrostatic potential to PTFE, but with a triboelectric ranking between neutral and negative [33] . Therefore, contact charging with PET has a high tendency for bipolar charges and gives more variable net charge profiles. This is reflected in the highly variable net charge data for PET nozzles for all pMDI formulations investigated, as shown in Fig. 5 .
The Effect of PET Nozzle Design on Net Charges With Different pMDI Formulations
Generally, net charges produced with PET actuators had a higher magnitude compared with PTFE (Fig. 2) . This could be a result of charge neutralisation between the strong electrostatic potential difference among PTFE actuator surface and the pMDI aerosols after contact charging, hence results in a lesser net charge profile. The PET actuator with flat nozzle design and HFA only formulation resulted in the highest negative charge of -1,735.29±167.17 pC, while curved flat shown significantly reduced negative charge magnitude −314.34±62.15 pC. The cone nozzle design has also shown negative charge profile −684.33±15.80 pC. However, the curved cone nozzle produced a neutral net charge at −9.83 ±77.03 pC. These results indicate that the PET nozzle designs have a stronger influence on aerosol net charges compare with PTEF with propellant only formulation. When the 1% ethanol and drug free HFA formulation was used, a significantly reduced negative charge magnitude in comparison with HFA only formulation was observed, with flat and curved flat nozzles (Student t-test, p<0.5) . The curved cone nozzle design showed a positive charge profile at 146.95 ±55.15 pC, where the cone nozzle showed no difference in charge polarity and magnitude compared with HFA only formulation (Fig. 5) . When the ethanol concentration was increased to 15%, the net aerosol charge for the PET actuators with curved flat, cone and curved cone nozzle designs all shifted to positive charges, again demonstrating the ability of ethanol to reduce the negative charges of HFA 134a [37] .
When BDP was introduced in the formulation, both curved flat and curved cone nozzle designs showed positive net charges, compared with flat and cone designs that resulted in negative charges. A significant (Student t-test p<0.05) reversed charge polarity was also shown for the PET curved actuator nozzles (Fig. 5) . As discussed before, PET charges negatively according to the triboelectric series [33] . However, similar to PTFE, the ability of PET to attract and accumulate electrons on its surface is overwhelmed by the strong electronegativity of HFA 134a. Therefore, the aerosol net charge after contact with the actuator material is negatively charged. The co-solvent ethanol increases the conductivity of the formulation, as well as introducing potential moisture content in the plume. This could lead to the formation of partially conducting aerosol droplets and the wetting of the actuator orifice surface. Both conditions will alter the contact charging properties for the actuator and the aerosols. Therefore, an increase in positive charge is observed (Fig. 5) .
The Effect of Nozzle Designs on PET Aerosols Performance
Particle size distributions (Fig. 6) for the four PET nozzle designs showed no significant differences. Significantly less ED for cone and curved cone nozzles were observed (Table II, one way ANOVA, p<0.05), compared with flat and curved flat nozzles, possibly due to the larger contact surface area present in the former designs. Although no significant differences were found in the ED for the flat and curved flat PET nozzle, the drug deposition in the USP induction port for the curved flat design was significantly higher than that for the flat nozzle (Student t-test, p<0.05) . This is reflected in the USP drug deposition of the curved cone nozzle that was found to be higher than that for the cone nozzle (Student t-test, p<0.05) . Interestingly, high USP depositions for both PET curved nozzles were associated with the reversed net charge polarity (Fig. 5) , similar to PTFE. Further analyses with charge to mass ratio (Fig. 7) confirmed again, polarity changes were present for all particle sizes. However, large variations in the charge to mass ratio were observed for particle sizes larger than 4.04 μm. A possible reason for this observation is that large aerosol droplets can continue to evaporate after stage impaction, causing fluctuations in the charge data. At the same time, flash evaporation of the propellant is an endothermic reaction that absorbs heat from the surrounding environment. This could cause condensation of water vapour in the air during atomisation hence influencing the charge recording.
Aluminium Actuator
Actuator material aluminium is the only conducting material used in the current study. For this material, electron transfer dominates the contact charging mechanism and the free movement of electrons through the material encourages electrostatic intensification at the sharp edges, which could lead to static discharge. In the triboelectric series aluminium is ranked between positive and neutral [33] .
The Effect of Aluminium Nozzle Designs on Net Charge With Different pMDI Formulation
The net charges with all nozzle designs and all pMDI formulations for aluminium are shown in Fig. 8 . In general, aluminium produced net electronegative charge profiles, with magnitudes significantly higher for HFA only and HFA -1% formulations. This is consistent with the triboelectric charging behaviour of aluminium, where the material is classified in the positively charged group and consequently can result in a negative charged aerosol cloud (Fig. 8) . Concurrently, HFA -15% and BDP formulations have produced significant lower negative charge magnitude, which might be a result of increased conductivity cause by the presence of ethanol and drug contents (Fig. 5) .
Overall, with the HFA only pMDI formulation, the curved flat nozzle produced a significantly (Student t-test p < 0.05) lower net negative charge compared with the conventional flat nozzle design (Fig. 8) . For cone designs, the curved cone orifice produced a significantly higher negative charge than the normal cone design (Student ttest p<0.05). The HFA 134a propellant used in the pMDI formulation is strongly electronegative but is a relatively poor conductor. During contact charging, the propellant grabs electrons from the aluminium actuator where the acquired charges carried by the aerosol would prefer to flow back to the conducting aluminium material. It is envisaged that when a sharp edge is present, as in flat and cone nozzle designs, the positive charge of the aluminium actuator would be concentrated at those edges and attract electrons from the aerosols, reducing the negative charge of the aerosols cloud. Fig. 7 Charge to mass ratio for PET actuators with 0.1% w/w BDP formulation containing 14.9% w/w ethanol and 85% w/w HFA 134a (n=3, pC/μg±SD). However, only the cone nozzle showed this prediction, with reduced negative charge compared with the curved cone nozzle. One possible explanation for such a difference between the flat and cone nozzle designs could be due to the contact area during the charging process. A larger surface area allows more interaction between the material and the aerosol cloud. At the same time, two sharp edges, one at the exit of the orifice and one at the opening of the cone design are present in the cone nozzle design, compared with only one sharp edge in the flat nozzle design. This gives a much higher electric field for the cone nozzle to allow electrons backflow from the aerosols to the actuator, reducing charge magnitude for this design (Fig. 8) .
When 1% ethanol is present in the pMDI formulation, a similar reduction in negative charge magnitude was observed for the curved flat nozzle compared with the flat nozzle design. Although a reduced negative charge was observed with the cone nozzle, no statistically significant difference was found when compared with the curved cone design (Fig. 8) . With aluminium, 1% ethanol showed a higher charge magnitude compared with propellant-only formulation for flat, curved flat and cone nozzle designs. As mentioned before, the contact charging for a conducting material such as aluminium, will be dominated by electron transfer and result in a unipolar charged aerosol cloud. The propellant only formulation will have limited capacity for holding electrons after triboelectrification. However, ethanol increases the overall conductivity for the formulation, which allows free movement of electrons through liquid aerosols, increasing the negative charge magnitude of the formulation (Fig. 8) .
When ethanol concentration is at 15%, the net charges for all nozzle designs are almost neutral (an average of −68.14± 30.80 pC, Fig. 8 ) and are significantly lower than the net charge for formulation HFA and HFA-1%. There are three possible reasons for this: (1) a further increase in the conductivity for the formulation can cause dielectric changes of the aerosols, hence influencing the triboelectrification; (2) molecular interaction between ethanol and HFA 134a could reduce the electronegativity of the propellant; and (3) an increase in bipolar charges due to the presence of ethanol and moisture content in the formulation could cause neutralisation of the overall net charges.
For BDP, similar charging patterns to HFA-15% were observed (Fig. 8) . Statistically significant differences (Student t-test p<0.05) in net charge were observed when the curved nozzle designs were compared with conventional nozzles. Both curved flat and curved cone nozzles demonstrated reduced negative charges compared with the flat and cone designs. It is interesting to notice that the curved nozzle designs with an aluminium actuator did not show reversed charge polarity as for PTFE and PET, compared with conventional nozzle designs. It is believed this result is related to the contact charging properties of conducting material that will be discussed in Section 3.4.
The Effect of Nozzle Designs on Aerosol Performance for Aluminium Actuator
To further understand the relationship between the aerosol charge profiles and the actuator nozzle designs, aerosol performance parameters were analysed. Particle size distributions for aluminium actuators are shown as percentage of cumulative mass undersize in Fig. 9 . No significant differences were observed for all nozzle designs, except for the cone nozzle at particle size range from 1.62 to 4.02 μm (one way ANOVA, p<0.05). For the aluminium actuator nozzle the design has no significant influence on the aerodynamic particle size distribution of pMDI aerosols.
Further analysis of ED, USP, % FPF < 6.66 μm and MMAD for all nozzle designs are shown in Table II . No significant differences were observed for MMAD for all nozzle designs, except for aluminium with cone geometry (one way ANOVA, p<0.05). This is associated with a lower ED from the pMDI. The aluminium flat nozzle showed the highest USP deposition (Table II) , compared with other nozzle designs and is associated with the most electronegative charge profile (Fig. 8 ). This could be the result of plume expansion due to the repulsive force of highly unipolar charged aerosols, indicating that the higher charge magnitude is capable of modifying particle deposition for pMDI.
The charge to mass ratio for all aluminium nozzle designs and BDP pMDI is shown in Fig. 10 . No significant difference is observed, except for the flat design that showed a negative profile. Large variations observed for the large (≥4.04 μm) and small (≤0.159 μm) particle sizes could be the result of evaporating droplets and limited drug mass recovery from the impactor stages, respectively.
Overall Effect of Actuator Nozzle Designs and Materials on Aerosol Electrostatic Charges
As described before, electrons/ions generated from triboelectrification tend to concentrate on sharp edges. Consequently, for nozzles designs with such physical characteristics there is the possibility for accumulated electrons/ions to discharge to the surrounding environment, leading to an alteration of the electrostatic charge profiles of the aerosols. Consequently by replacing these 'sharp edges' with curved geometries, the aerosol charge magnitude should have increased, due to a reduced propensity for static discharge and the neutralisation of the charges carried by the plume should have been limited. However, for all three materials investigated, no sudden reduction or increases in charge magnitude was observed for the curved nozzle designs compared with the conventional ones.
Electrostatic discharge is normally caused by the excess electrons accumulated on a blunt material surface. In this study, PTFE, PET and aluminium actuators have all produced generally negatively charged aerosols with drug free pMDI formulations, due to high electronegativity of the HFA 134 propellant. Therefore, the contact charging between the nozzle surface and the aerosols favours electron transfer from actuator material to the evaporating aerosol droplets. Discharge from a positively charged nozzle surface is highly unlikely and accumulated electrons on the aerosol droplet surface will eventually reach a limit and possibly induce the breakup of the aerosols into smaller droplets due to repulsive forces.
Meanwhile, as mentioned before, HFA134a is very electronegative and is a relatively poor conductor, and this is reflected by the negative net charge results (Figs. 2, 5 and 8 ). When the co-solvent ethanol is introduced into the formulation, the aerosol generated becomes partially conducting and electrons/ions are able to move from the nozzle surface to the aerosols and vice versa. This is evident for the formulation containing 15% ethanol and HFA, where reduced charge magnitudes were observed for all nozzle designs and materials compared to HFA only formulation, except for PET with curved cone nozzle design. The two insulating materials, PTFE and PET, have both shown reversed charge polarity when conventional nozzles were modified to curved designs when tested using BDP pMDI formulation (Figs. 2 and 5 ). It is also interesting to note that the change in net charge polarity for the curved flat and curved cone nozzles was associated with increased USP deposition for the same BDP formulation (Table II) .
PTFE and PET are both insulating polymers that can generate bipolar charges. For PTFE, as illustrated in Fig. 11 , the flat nozzle (A) has a narrow orifice, which limits the plume geometry and contact between the aerosols and the actuator material. This is similar for cone designs where a larger surface area allows a longer contact time between the aerosol cloud and the actuator material, but the sharp edge still defines the plume geometry (Fig. 11c) . When changed to curved flat and curved cone designs ( Fig. 11b and d) , the plume shape changes to a wider angle, increasing the chance for electron exchange between the aerosol on the outer region of the plume and the actuator surface. This consequently will allow for the formation of positive charged particles (PTFE, Fig. 2 ) that will largely deposit in the throat region, leaving the impacted particles to be negatively charged for the majority (PTFE, Fig. 2 ). Where for PET, a similar trend for reversed net charge polarity and higher throat deposition were observed, although PET is ranked less negative in the triboelectric series compared with PTFE. Therefore, when the nozzle design was changed to the curved shape, the aerosol that is on the outer edge of the plume is predicted to be negatively charged, leaving the impacted plume core aerosols to be positively charged (PET, Fig. 5 ).
Still, it is not clear that the changes in plume shape for both curved nozzle designs are simply due to the change in orifice geometry. Originally, the curved design actuator was selected to investigate the potential electrostatic discharge during the atomisation process. The 'smooth edges' of the curved nozzle could potentially eliminate the electrostatic intensification point and give a more evenly distributed electric field after contact charging (as illustrated by the shaded region in Fig. 11b and d) , compared with conventional nozzle geometries ( Fig. 11a and c) . This increased electric field resulting from contact charging could draw the oppositely charged aerosols towards the outer edge of the plume, hence resulting in a wider plume angle and higher induction port deposition.
When aluminium is used for the actuator designs, although a reduced net negative charge was observed with curved flat and curved cone nozzles for BDP pMDI (ALU, Fig. 8) , there was no reversed charge polarity present and no significantly higher USP deposition (ALU, Table II ). As a conducting material, aluminium generates unipolar charged aerosols that will burst into smaller droplets due to the Raleigh limit during the evaporation process. Smaller droplets with unipolar charges will repel each other and cause plume expansion, increasing the chance of electron exchange with the curved nozzle surface, therefore reducing the charge magnitude in the aluminium actuators. At the same time, plume expansion induces higher deposition in the induction port region. Therefore, lower charge magnitudes were observed with curved nozzle designs for the aluminium actuator (Fig. 8) .
CONCLUSIONS
This study demonstrated that actuator nozzle designs could significantly influence the electrostatic charge profiles and drug deposition pattern of pMDI aerosols. It was found that curved nozzle designs were able to increase drug deposition to the USP induction port region with reversed charge polarity, especially when using insulating thermoplastics, PTFE and PET, as the actuator material. The results highlighted the bipolar charging property of the insulator materials and unipolar charge domination for aluminium conducting material. At the same time, increasing the concentration of co-solvent ethanol used in pMDI formulations is directly linked to reduced charge magnitude, possibly due to an increase in the bipolar charge ratio within the aerosol cloud.
In future, further studies using high-speed imaging and molecular modelling should be used to investigate the actual plume pattern of the different pMDI formulations with different actuator nozzle designs and the electrostatic potentials within the formulation and actuator material at a molecular level.
